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"The next question was - what makes planets go
around the sun? At the time of Kepler some peo-
ple answered this problem by saying that there
were angels behind them beating their wings and
pushing the planets around an orbit. As you will
see, the answer is not very far from the truth. The
only dierene is that the angels sit in a dierent
diretion and their wings push inward."
"Nastepnym pytaniem byªo - o sprawia, »e plan-
ety kra»a wokóª sªo«a? W zasah Keplera
niektórzy ludzie odpowiadali, »e za planetami sa
anioªowie, którzy popyhaja je mahaja skrzy-
dªami. Jak widzisz, odpowied¹ ta nie jest daleka
od prawdy. Jedyna ró»nia jest taka, »e anioªowie
zasiadaja w innej pozyji i ih skrzydªa phaja do
±rodka."
Rihard Feynman (1918 - 1988),
Charater of Physial Law

Abstrat
The work was arried out in the framework of the KLOE ollaboration studying the deays of
the φ meson produed in the DAΦNE aelerator in the ollisions of eletron and positron.
The main aim of this thesis was investigation of the inuene of the merging and splitting of
lusters in deays with the high multipliity of γ quanta, whih are at most biased by these eets.
For this aim we implemented the full geometry and realisti material omposition of the barrel
eletromagneti alorimeter in FLUKA pakage. The prepared Monte Carlo based simulation pro-
gram permits to ahieve a fast generation of the detetor response separately for eah interested
reation. The program was used to study the reonstrution eieny with the KLOE lustering
algorithm as a funtion of the photoathode quantum eieny.
It was also used to investigate merging and splitting probabilities as a funtion of the quan-
tum eieny. The onduted studies indiated that the inrease of quantum eieny does not
improve signiantly the identiation of lusters. The inuene of these eets was estimated for
η meson deays into 3π0 and Kshort meson into 2π
0
.

Streszzenie
Praa zostaªa wykonana w ramah kolaboraji KLOE, która zajmuje sie badaniem rozpadów
mezonu φ, produkowanego w kolizjah elektronu i pozytonu na akeleratorze DAΦNE.
Gªównym elem pray byªo oszaowanie wpªywu efektów "merging" i "splitting" na mo»liwo±i
rekonstrukji rozpadów mezonu φ w kanaªy z fotonami. Wªa±nie rekonstrukja topologii reakji
z du»a zawarto±ia fotonów w kanale wyj±iowym jest najbardziej obia»ona przez te efekty. W
tym elu zaimplementowali±my aªa geometrie kalorymetru elektromagnetyznego detektora KLOE
wraz z realistyznym opisem materiaªów do programu symulayjnego opartego na metodzie Monte
Carlo. Program symulayjny pozwala na studiowanie wybranyh kanaªów rozpadu oddzielnie.
Równie» wysymulowali±my odpowied¹ fotopowielazy na aªym kalorymetrze detektora KLOE.
Zbadane zostaªy tak»e efekty "merging" i "splitting" w zale»no±i od wydajno±i kwantowej
w fotopowielazah. Powy»sze studia pokazaªy, »e zwiekszenie wydajno±i kwantowej fotopowielazy
nie wpªywa znazao na redukje tyh efektów. Wpªyw efektów "merging" i "splitting" zostaª osza-
owany dla reakji rozpadu mezonu η na trzy neutralne piony oraz kaonu Kshort na dwa neutralne
piony.
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1. Introdution
Nowadays, elementary partiles and interations among them are desribed in the framework
of the Quantum Mehanis and Standard Model. Tests of these theories and of fundamental sym-
metries like C, P, T and their ombinations are therefore ruially important for understanding the
phenomena in the world of partiles [1℄. Experiments aiming at the determination of the partile
properties and searh for proesses beyond the appliability of the domain of the Standard Model
are onduted in many partile physis laboratories.
Suh studies are arried out also in the Laboratori Nazionali Di Frasati (LNF) by means of
the eletron-positron ollider DAΦNE and the KLOE detetor setup. The KLOE group has taken
data at the olliding eletron-positron enter-of-mass energy orresponding to the φ meson mass.
The main objetives of the KLOE experimental program are: investigations of the deays of kaons
produed in pairs from the deays of the φ meson, the radiative deays of the φ meson, the rare
branhing ratios of the η meson and the light mesons partile properties. One of the interesting
example for the pseudosalar mesons deay is the G-symmetry violating η → π0γγ proess whose
branhing ratio annot be desribed neither in the framework of the Chiral Perturbation Theory
nor by the Vetor Meson Dominane Model.
At present KLOE detetor is being upgrated in order to improve the possibility of the reon-
strution of the deays of the KS mesons. In partiular in order to investigate a CP-violating
KS → 3π0 deay [2℄.
The η → π0γγ and KS → 3π0 are examples of highly interested hannels whih are however
very hallenging to study experimentally due to the large number of the γ quanta in the nal state.
This fat is aused by diulties of the rejetion of bakground hannels due to merging and split-
ting of lusters [3℄. For example, for the rst mentioned reation a bakground hannel is η → 3π0
with two merged lusters leading to the same topology as in the ase of the η → π0γγ → 4γ. And
in the ase of the KS → 3π0 the bakground onstitues a KS → 2π0 reation with two splitted
lusters.
In this diploma thesis we investigate the inuene of the merging and splitting of lusters on de-
ays with the high multipliity of γ quanta, whih are at most biased by these eets. For this aim
we implemented the full geometry and realisti material omposition of the barrel eletromagneti
alorimeter into FLUKA pakage. The prepared Monte Carlo based simulation program permits
to ahieve a fast generation of the detetor response separately for eah interested reation.
In hapter 2 we will desribe the DAΦNE ollider and the KLOE detetor.
Chapter 3 omprises desription of the vertex generator, used to simulate the kinematis of
physial deays, and the desription of the physis models used by the FLUKA Monte-Carlo pro-
gram for the generation of nulear, hadroni and eletromagneti reations. This hapter inludes
also desription of implementation of materials omposition and geometry of the barrel alorimeter
in the FLUKA Monte Carlo.
Chapter 4 presents a alibration of the DIGICLU program used for the reonstrution of the
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photomultiplier response and for the luster reognition. This hapter inludes: i) preparation
of the data sample for e+e− → φ → ηγ → 3γ reation, ii) estimation of the attenuation length
for sintillating bers, iii) alibration of ionization deposits and implementation of the threshold
formula to the soure ode.
In hapter 5 we desribe eets of merging of lusters for η → 3π0 as a bakground for the
η → π0γγ hannel and splitting of lusters for KS → 2π0 as a bakground for KS → 3π0 rea-
tion. Further on reonstrution eieny with the KLOE lustering algorithm as a funtion of
the photoathode quantum eieny is presented. Finally, merging and splitting probabilities as
a funtion of the quantum eieny are studied.
Chapter 6 summarises the whole thesis and brings the onlusions and remarks.
This thesis is supplemented with appendis where setion A presents a kinemati t proedure
and setion B generally desribes Monte Carlo Methods. In appendix C energy distribution for γ
is presented. Setion D presents a time distribution for single and multi-gamma hits. The setions
E and F ontain an estimation of probability for multi-gamma hits at a single alorimeter module
and example of the event reonstrution for the proess e+e− → φ → ηγ → 3π0γ → 7γ, respe-
tively. The G setion omprises a desription of the energy deposition in the barrel alorimeter as a
funtion of azimuthal angle and the last setion presents denition of the used oordinate system.
2. KLOE2 at DAΦNE experimental faility
The KLOE (Klong Experiment) detetor is installed at the interation point of the eletron
and positron beams of the DAΦNE (Double Annular φ-fatory for Nie Experiments) ollider
operating in the Laboratori Nazionali di Frasati (LNF).
It has been designed with the primary goal to measure the CP violation parameter R(
ǫ
′
ǫ
) [4℄
with a sensitivity of one part in ten thousand by using the double ratio method [5℄.
This detetor was fully onstruted by the end of the year 1998 [1℄, and sine then it was taking
data for seven years. The experimental program was ompleted with integrated luminosity of
2.5 fb
−1
obtained predominantly with the enter-of-mass energy equal to the mass of the φ meson
(
√
s ∼ Mφ = 1019.456±0.020 MeV [6℄).
Deay BR(%)
φ→ K+K− 49.1
φ→ KSKL 33.8
φ→ ρπ / π+π0π− 15.6
φ→ ηγ 1.26
Table 2.1: Main deays of the φ meson [59℄.
The ross setion for the prodution of the φ vetor meson is large and amounts to
σ(e+e− → φ) = 3.1 µb.
The φ meson deays predominantly into pairs of neutral or harged kaons (see Table 2.1).
2.1 DAΦNE ollider
DAΦNE at Frasati onsists of two interseting rossing aelerator rings, one for positrons
and one for eletrons. The main DAΦNE parameters are presented in Table 2.2, and sheme of
the faility is shown in Fig. 2.1.
Parameter Value
Energy [GeV℄ 0.51
Trajetory length [m℄ 97.69
RF frequeny [MHz℄ 368.26
Bunh length [m℄ 1-3
Number of olliding bunhes 111
Emittane, ǫx [mm·mrad℄ 0.34
Table 2.2: The main harateristis of the DAΦNE ollider [7℄.
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Positrons and eletrons are aelerated in the LINAC (Linear Aelerator) whih delivers
eletron or positron beams in the energy range from 25 to 725 MeV with intensities varying from
1010 partile per pulse down to a single-eletron [7℄. This 60 meters long aelerator is the heart
of the DAΦNE injetion system. It is an S-band mahine (2.865 GHz) whih delivers 10 ns pulses
at a repetition rate of 50 Hz. Eletrons, after aeleration to nal energy in the LINAC, are
aumulated and ooled in the aumulator and transferred to a single bunh into ring. Positrons
require rst aelerating of eletrons to about 250 MeV to target in the LINAC, where positrons are
reated. Afterwards the positrons follow the same aelerator elements as eletrons [1℄. Positrons
and eletrons after aeleration and aumulation proess run around in two storage rings and hit
in the ollision points. This faility is alled a Frasati Φ-Fatory omplex beause it was able to
produe about 3.3 bilions of φ mesons during the years from 2000 to 2005. The KLOE experiment
was loated in one of the two ollision points at DAΦNE ollider, whereas the seond ollision
point was alternatively oupied by two other experiments: DEAR [8℄ and FINUDA [9℄.
At present a new e+e− interation region is being onstruted [10℄ in order to inrease the
ollider luminosity up to an order of magnitude, from 10
32
m
−1
s
−2
to ≈ 1033m−1s−2 [3℄.
Figure 2.1: Sheme of the DAΦNE ollider. The gure is adapted from [1℄.
At the interation point (IP) the beam pipe has the shape of a sphere whih is made of a
beryllium-aluminium alloy with 10 m diameter and 50 µm thikness. The beryllium, having a low
atomi number, has been used to minimize the interation of partiles produed at the interation
point with the beam pipe material [6℄.
2.2 KLOE detetor
The KLOE detetor, whih is shown shematially in Fig. 2.2, was designed for the study of
CP violation in the neutral-kaon system. It onsists of two main elements: i) an eletromagneti
alorimeter (EmC) [11℄ for the detetion of γ quanta, harged pions and KL mesons and ii) a
large drift hamber (DC) [12℄ for the measurement of harged partiles trajetories [13℄. The drift
hamber and the alorimeter are inserted in the eld of the superonduting oil whih produes
a magneti eld parallel to the beam axis [11℄. The eld intensity is equal to 0.52 T [6℄.
2.2. KLOE detetor 17
Figure 2.2: The KLOE detetor. For the desription see text. The gure is adapted from [3℄.
The radius of the ative part of the KLOE detetor is two meters. This size enables to register
about 40% deays of neutral long-lived kaons [1℄. In the near future KLOE will be upgraded by
inner traker and γγ tagger in order to improve its traking apabilities [3℄.
2.2.1 Drift Chamber
The KLOE Drift Chamber (DC) [12℄ onsists of 12582 drift ells (2x2, 3x3 cm2) arranged in 58
ylindrial layers surrounding the beam pipe. The diameter and length of the DC is equal to 4 m
and 3.3 m, respetively [14℄. It is lled with 90% helium and 10% isobutane gas mixture, giving
a radiation length (gas + wires) equal to 900 m. Charged partiles traveling through the drift
hamber are ionizing gas medium and then eletrons reated along the partile trajetory drift to
the wires with positive voltage. A multipliation mehanism auses detetable signal at the wire's
end [1℄. The DC measures the KL,S harged vertex with ∼ 1 mm auray. It provides frational
momentum resolution of
σp
p
∼ 0.5% for low momentum traks. It is transparent to γ down to 20
MeV and limits to aeptable levels the K0 regeneration and K± multiple sattering.
Figure 2.3: Photo of the KLOE drift hamber. The gure is adapted from [15℄.
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The hit position resolution is 150 µm in the entral part of the ell, inreasing lose to the wire
and towards the ell boundary. The spatial resolution in the "φ oordinate" (azimuthal angle) is
well below 200 µm. The hit identiation eieny is larger than 99%, whereas the eieny for
assoiating an existing hit to trak amounts to about 97% [14℄.
2.2.2 Eletromagneti Calorimeter
The KLOE alorimeter is made of the lead layers with about 1,2 mm thikness (200 layers per
1 module) whih are lled with sintillating bers of 1 mm diameter. The whole eletromagneti
alorimeter (EmC) onsists of three main parts: barrel and two endaps. Barrel (Fig. 2.4) is
omposed of 24 modules with trapezoid shape of 23 m thikness aligned with the beams and
surrounding the drift hamber detetor. Endaps are situated over the magnet pole piees (see
Fig. 2.2) and hermetially lose the alorimeter with 98% of 4π [1℄. Eah of the two endaps
alorimeters onsists of 32 vertial modules with length ranging from 0.7 to 3.9 meters. The
endap modules are bent and their ross-setion with plane parallel to the beam axis is retangular
with thikness of 23 m [16℄.
Figure 2.4: Photo of the KLOE alorimeter. One sees 24 modules of the barrel and the inner plane of
the endap. The gure is adapted from [15℄.
The volume of the alorimeter onsists of 50% ber, 40% lead and 10% of glue. The measured
performanes for this detetor are: full eieny for γ quanta from 20 to 500 MeV [14℄, σ(x) ∼ 1 m,
σ(E) ∼ 5.7%√
E(GeV )
, σ(t) ∼ 54 ps√
E(GeV )
.
2.2.3 Upgrade of the KLOE detetor
At present the KLOE detetor is being upgrated in view of the new experimental programwhih
will extend the studies to the more preise measurement of the KS mesons and the prodution
of meson in the γγ fusion [3℄. For this aim a vertex detetor and the γγ-tagger [17℄ are being
built [26℄.
Vertex Detetor
In the KLOE detetor the rst hit was measured by drift hamber at a radius of 28 m from
the interation point (IP) [3℄. Therefore in order to improve the resolution of the determination of
the KS and KL deay near the interation point a new vertex detetor is onstruted [17℄. This
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detetor onsists of ve onentri layers of ylindrial triple-GEM (C-GEM), ompletely realized
with very thin polyimide foils [1822℄. The sheme of the vertex detetor is presented in Fig. 2.5.
Figure 2.5: Shemati view of the vertex detetor. The gure is adapted from [3℄.
It will be made of light materials in order to minimize γ absorbtion. The resolution on r-φ
surfae is expeted to be around 200 µm and on z oordinate about 500 µm [23℄.
γγ tagger
The main task of this detetor is the detetion of e+ and e− from γγ reations emitted at
small angle [23, 43℄ with the widest possible energy ranges. γγ tagger will provide information on
the angle and the energy of the sattered eletrons and positrons [24℄ and hene it will permit to
study the prodution of mesons in γγ fusion via the reation:
e+e− → e+e−γ∗γ∗ → e+e− +X, (2.1)
where X is some arbitrary nal state allowed by onservations laws. The tagger onsists of mi-
rostrip silion detetor and plasti sintillator hodosope.
New QCAL
The upgrade of QCAL detetor (Fig. 2.6) [25℄ was needed, beause the interation region was
modied and in the present sheme the angle between olliding beams has been inreased from 8
to 18 degrees, whih pratially exludes the possibility to use the existing QCAL alorimeter [26℄.
The shemati view of upper part of the previous QCAL detetor is presented in Fig. 2.6.
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Figure 2.6: Shemati view of the QCAL detetor. The gure is adapted from [25℄.
The upgraded detetor, with improved position resolution, will allow to extend the searh for
KL → 2π0 events also in ase when three photons are reonstruted in the EmC and one photon
in QCALT, thus strongly reduing the orretion for aeptane [26℄ and the ontamination from
KL → 3π0 when some photons hit the detetor.
3. Simulation tools
In this hapter we will desribe tools used for simulations of signals in the EmC. To ompute
the physial response of the barrel alorimeter we applied the following programs: i) VERTEX
GENERATOR whih simulates kinematis of the physial reations ii) FLUKA pakage whih
reprodues partile interation, propagation and a realisti light output in the sintillating bers,
and iii) DIGICLU reonstrution program whih simulates the response of photomultipliers and
reonstruts energy and time for partiles hitting the alorimeter. FLUKA pakage is mostly used
for low energy physi, like: hadroni interations, medial siene, neutrino beam simulation or in
dosimetry siene. Using FLUKA we an ahieve aurate desription of the physis proesses in
the KLOE detetor.
3.1 Vertex generator
In order to enable a fast simulations of the meson deays in the KLOE detetor we have
prepared a "vertex generator" for simulations of the nal state momenta of the deay produts
1
.
This program is ompatible with FLUKA Monte Carlo and simulates deays of φ meson to hannels
with η, η′ and kaons. It is based on the CERN library proedure GENBOD whih generates four-
momentum vetors of partiles in the nal state whih are homogenously distributed in the phase
spae [27℄. This tool permits to alulate four-momenta of nal state partiles in the rest frame of
the deaying objet. Additionally we implemented an angular distribution (
1+cos2θ
2 ) for γ quanta
from the radiative φ meson deay (φ is a vetor meson with spin = 1). At present, for the purpose
of this work the generator an simulate six below listed reations:
1. e+e− → φ→ ηγ → 3γ ,
2. e+e− → φ→ ηγ → 3π0γ → 7γ ,
3. e+e− → φ→ η′γ → 3γ ,
4. e+e− → φ→ η′γ → 3π0γ → 7γ ,
5. e+e− → φ→ KSKL ,
6. e+e− → φ→ π0γ → 3γ .
It is however onstruted in a way whih enables an easy implementation of any further proess.
3.2 FLUKA - a multi-partile Monte Carlo transport ode
This setion is based on the informations given in referenes [29,32℄. FLUKA is a multipurpose
transport Monte Carlo ode, able to treat hadron-hadron, hadron-nuleus, neutrino, eletromag-
neti, and µ interations up to 10000 TeV [28℄. Also the transport of the harged partiles is well
1
In our group this generator is alled jjpluto.
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rereated (handled in magneti eld too). This Monte Carlo is based, as far as possible, on orginal
and well tested mirosopi models. Due to this "mirosopi" approah to hadroni interation
modelling, eah step is self-onsistent and has well onrmed physial bases [28℄. FLUKA an be
used in realisti simulations involving following physial eets:
Hadron inelasti nulear interations - are based on resonane prodution and deay be-
low a few GeV, and above on the Dual Parton model. FLUKA an also simulate photo-nulear
interations (desribed by Vetor Meson Dominane, Delta Resonane, Quasi-Deuteron and Giant
Dipole Resonane models) [29℄.
Elasti Sattering - this proess is aomplished with tabulated nuleon-nuleus ross se-
tions. Tabulated are also phase shift data for pion-proton and for kaon-proton sattering [29℄. To
this Monte Carlo also parametrised nuleon-nuleon ross-setions were implemented.
Nuleus-Nuleus interations - are treated through interfaes to external event generators.
From 0.1 to 5 GeV per nuleon a modied RQMD is used, whereas for higher energies DPMJET
generator is applied [30℄.
Transport of harged hadrons and muons - a ode an handle eletron baksattering and
energy deposition in thin layers even in the few keV energy range. The energy loss is simulated
with Bethe-Bloh theory with aount for spin eets and ionisation utuations [29℄.
Low-energy neutrons - for neutrons with energy lower than 20 MeV, FLUKA uses neutron
ross-setion library, ontaining more than 140 dierent materials. The transport of these parti-
les is realised by simulation of the standard multigroup transport with photon and ssion neutron
generation [29℄. Detailed kinematis of elasti sattering on hydrogen nulei is implemented too.
Eletrons - FLUKA uses an original transport algorithm for harged partiles, inluding a
omplete multiple Coulomb sattering treatment giving the orret lateral displaement even near
boundary. The Landau-Pomeranhuk-Migdal suppression eet and the Ter-Mikaelyan polarisa-
tion eet in the soft part of the bremsstrahlung spetrum are also implemented. Eletrons are
propagated taking into aount a positron annihilation in ight and Möller sattering eets.
Photons - to reprodue photons physis the following eets were implemented to this Monte
Carlo: pair prodution with atual angular distribution of eletrons and positrons, Rayleight
sattering, photon polarisation eet, photo-hadron prodution, Compton eet with aount for
atomi bonds through use of inelasti Hartree-Fok form fators.
Optial photons - generation and transport is based on Cherenkov, Sintillation and Transi-
tion Radiation.
Neutrinos and muons - FLUKA pakage inludes also osmi ray physis [31℄ and an sim-
ulate muons and neutrinos interations. This tool is used for basi researh and applied studies in
spae and atmospheri ight dosimetry and radiation damage [31℄. Interations are implemented
independly of traking proedures [29℄. By default they are traked without interations [29℄.
3.3 Implementation of the alorimeter material omposition in
FLUKA
The Monte Carlo ode FLUKA is used to determine the position, time and energy of the
ionization deposits in the bers aused by partiles hitting the alorimeter. We used the FLUKA
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"lattie" tool to design the ber struture of the alorimeter module [32℄. In the base module the
alorimeter is simulated in detail (see Fig. 3.1), both under the geometrial point of view and with
respet to the used materials.
Figure 3.1: Details of the implementation of the alorimeter layers [33℄.
The alorimeter is built out of lead, plexi and glue [34℄ whih are omposed as follows:
 lead ompound is made of Pb (95%) and Bi (5%),
 the sintillating bers are made of Polystyrene (C2H3),
 the glue is a mixture of the epoxy resin (C4H4O, ρ = 1.14 g/m
3
) and hardener
(ρ = 0.95 g/m3) onstituting 72% and 28% of the mixture, respetively.
The hardener has been simulated as a mixture of several materials whih omposition is given in
Table 3.1.
Compound formula fration
Polyoxypropylediamine C7H20O3 90%
Triethanolamine C6H15O3 7%
Aminoethylpiperazine C6H15N3 1.5%
Diethylenediamine C4H10N2 1.5%
Table 3.1: Composition of the hardener mixture [34℄.
The module onsists of two types of sintillating bers: "Kuraray" and "Pol.hi.teh". The
rst are implemented until a depth of 12 m and the remaining part of the module is built with
"Pol.hi.teh" bers [34℄. A proper attenuation lenght parameter for bers material in order to
alulate a light intensity at eah side of the module was taken into aount. The attenuation
funtion of bers was desribed with the following formula [34℄:
B = A · e−
y
λ1 + (1−A) · e−
y
λ2 , (3.1)
where y is distane between the plae of deposited energy and the photoathode. The attenuation
fator B is the ratio between deteted and generated light signal whih hanges as a funtion of the
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distane (on y axis) from the generation point to the photoatode. The value of the parameters
for "Kuraray" and "Pol.hi.teh" are shown in Table 3.2.
However, it is worth mentioning that, as we will show in the next hapters the data an be also
well desribed using this formula but with only one exponential funtion.
A λ1 m λ2 m
Kuraray 0.35 50 430
Pol.hi.teh 0.35 50 330
Table 3.2: Fibers parameters.
The energy deposits are omputed by FLUKA [35℄ taking into aount the Birks eet [36℄
(see equation 3.2), that is the saturation of the light output (L) of a sintillating material when
the energy release is high [35℄. For high densities of energy deposition, due to the quenhing
interations between the exited moleules along the path of inident partiles, the light output is
not hanging linearly with the energy deposition but instead it an be desribed as [3740℄:
dL
dx
=
k · dE
dx[
1 + c1 · dEdx + c2 ·
(
dE
dx
)2] , (3.2)
This law desribes the light output of (organi) sintillators [39,40℄. The "k" onstant depends on
the partile type, and is in the order of 0.01 g m
2
MeV
−1
, and the parameters c1 and c2 are equal
to [33, 41, 42℄:
c1 = 0.013 m
2
MeV
−1 ,
c2 = 9.6× 10−6 m3 MeV−2 .
3.4 Implementation of the whole geometry of the barrel alorimeter in
FLUKA
FLUKA simulation pakage is mostly used in low energy physis, for example in: medial
siene, dose evaluation, neutriono beam simulation and for simulations of the low energy hadroni
interations. Therefore, the program is espeially suited for simulations of the response of the
KLOE eletromagneti alorimeter, beause at KLOE experiment we deal with partiles in the
rather low energy range up to 1 GeV.
The main idea for implementation of the geometry of the KLOE detetor with FLUKA was
proposed by Giuseppe Battistoni [44℄. It was rst realized for one alorimeter module with
retangular shape
2
, with aurate desription of materials. The base ell with dimensions of
52 m × 1.2 mm × 430 m onsists of the lead blok lled with 385 sintillating bers and glue
ylinders. This ell was repliated 199 times (using FLUKA lattie tool) to build 200 layers forming
the alorimeter module (see left panel in Fig. 3.2).
Our rst step in the way to implement the whole barrel of eletromagneti alorimeter into
2
Implementation to FLUKA pakage was done by: G. Battistoni, B. Di Mio, A. Ferrari, A. Passeri and
V. Patera.
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FLUKA was the extension of the retangular module to the realisti trapezoid shape. This was
ahieved by delaration of a new base ell onsisting of a sintillating ber and glue ylinder both
inserted into a small blok of lead. The length of the ell is equal to the length of the module
(4.3 m) and its ross setion orresponds to the square of 1.2 mm, where the ber diameter is equal
to 1 mm and width of the glue ylinder equals to 0.1 mm. Then this new base ell was repliated
about 4000 times to build two triangular setions on the left and right side of the module. A
omplete visualisation of the new trapezoid geometry
3
is shown in Fig. 3.2.
Figure 3.2: Cross setion of the EmC module with retangular and trapezoid geometry. Visualization by
the FLAIR program [45℄ using as an input a geometry setup les of FLUKA.
In order to raise our ondene to the funtioning of the programs we have simulated energy
deposits in a single alorimeter module for the reation: e+e− → φ → ηγ → 3π0γ → 7γ. The
results of these simulations for 20000 events are shown in Fig. 3.3.
Figure 3.3: Distribution of energy deposits in sintillating bers of a single unit of the eletromagneti
alorimeter.
3
Visualization is based on the FLUKA soures and prepared using a FLAIR (FLUKA advaned visualization
geometry tool) [45℄.
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A trapezoid struture whih was built with a realisti light output from the sintillating bers
an be easily reognized. One an also see that as expeted the most energy deposits are observed
in the bottom part of the module. As a next step, it would be natural to repliate 23 times the
dened geometry for one module and to build a full barrel of the eletromagneti alorimeter. This
task was unfortunatelly impossible to realize with present version of FLUKA
4
[32℄ beause this
version doesn't permit to repliate the region whih had been repliated before. It is due to the
fat that the lattie repliation on the seond and higher levels is not implemented yet. This is the
reason why geometry was built in another, unfortunatelly muh more ompliated way.
The barrel was rst dened as 24 empty volumes (ontainers). In one of these volumes we
implemented the base ell whih desribed one layer of lead, bers and glue. This ell was repliated
199 times in this volume, to build a retangular setion part of the main trapezoid module (on
the top in Fig. 3.4)
5
, and these base ell was repliated 200 times in eah of the remaining 23
modules. Next in the rst module we lled the full struture of lead, bers and glue ylinder in
the two triangle areas. These two regions were then repliated at the orresponding positions in
the remaining modules [46℄.
Fig. 3.4 shows a visualisation of the whole barrel alorimeter geometry made with FLAIR [45℄.
The left panel of the next gure presents details of the edge area, between base module on the top
and the rst repliated area on the right side of it. In the right panel of Fig. 3.5 the energy deposits
in sintillating bers for this area are presented for e+e− → φ → ηγ → 3π0γ → 7γ reation with
statistis of 1000 events.
Figure 3.4: Visualization of the 24 trapezoid modules of the barrel alorimeter with FLAIR.
Using this geometry we are able to study in details energy deposits also at the edges of the
modules of the alorimeter, where there are small areas without bers [47, 48℄.
4
FLUKA 2006 for GNU linux operating system.
5
The same idea was used to build a single module with retangular shape.
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Figure 3.5: Details of the implementation on the edge of two modules.
Figure 3.6: Energy depositions in bers in the KLOE barrel alorimeter.
Finally in Fig. 3.6, as an example of the proper implementation of the geometry we show energy
deposits in sintillating bers in the whole barrel alorimeter.
3.5 Simulations of the photomultipliers response
After simulation of energy deposits in sintillating bers with FLUKA program we alulated
amplitude of signals in photomultipliers using DIGICLU program. This program also enables
to reonstrut the time, position and energy for all readout segments (ells) of eah alorimeter
module [11℄. Eah module is divided into 60 ells whih are situated in 5 layers and 12 olumns
(see Fig. 3.7). Eah ell is read out on both sides by photomultiplers. This segmentation provides
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the determination of the position of energy deposits in the alorimeter. Altogether, the barrel
alorimeter onsists of 1440 ells, whih are read out by photomultiplayers on two sides (referred
to as side A and side B in the following).
1 2 3 4 5 6 7 8 9 10 11 12
1
2
3
4
5
Figure 3.7: Shemati view of the readout ells struture on the one side of the barrel module. Filled
irles represent photomultipliers.
For eah ell two time signals TA, TB (digitized by the Time to Digital Converter (TDC)) and
two amplitude signals SA, SB (measured by Analog to Digital Converter (ADC)) are reorded.
The arrival time t and position s of the impat point along the ber diretion (the zero being taken
at the ber enter) is alulated with the aid of times measured at two ends as:
t(ns) =
1
2
(tA + tB − tA0 − tB0 )−
L
2v
, (3.3)
s(cm) =
v
2
(tA − tB − tA0 + tB0 ) , (3.4)
with tA,B = ca,b · TA,B, where cA,B are the TDC alibration onstants, tA,B0 denotes overall time
osets, L stands for length of the ell (m) and v is the light veloity in bers (m/ns). The energy
signal is alulated aording to the formula:
E
A,B
i (MeV ) =
S
A,B
i − SA,B0,i
SM,i
·K, (3.5)
where S0,i are the zero-osets of the amplitude sale, SM,i orresponds to the response for the
minimum ionizing partile rossing the alorimeter enter and K fator gives the energy sale in
MeV, and it is obtained from signals of partiles with known energy.
The total energy deposited in a ell is alulated as the mean of values determined at both
ends for eah ell [11℄. The energy read-out has been simulated by inluding both the genera-
tion of photoeletrons with the Poisson distribution and the threshold on the onstant fration
disriminator.
3.6 Desription of the KLOE lustering algorithm
As we presented in the previous setion the DIGICLU program simulates photomultipliers
response and reonstruts energy deposit, position and time for partiles passing through eah ell.
These values are used to reognize groups of ells (lusters) belonging to partiles entering the
alorimeter. For this aim a lustering algorithm is used [11℄. Ideally, to eah partile it should
assign exatly one luster but in pratie it is not always the ase. After the reognision of lusters
the program reonstruts the spatial oordinates and time of eah shower with high auray,
needed to reonstrut the deay vertex of the KL [49℄. In partiular the algorithm is based on the
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following steps. First for eah ell the position and energy of the shower is reonstruted. Next
prelusters are built by onneting the neighboring ells in time and spae in order to rereate a
full shower [11℄. Cells are taken into aount in searhing of prelusters only if times and energy
signals are available on both sides, otherwise these ells in the most ases are added to the already
reognized lusters [6℄. Subsequently, prelusters are splitted if the spread of the time of the
assigned ells is larger than 2.5 ns. On the other hand ells are merged in one luster if a distane
between them and the enter of the preluster is less than 20 m. After this hek the groups of
ells are dened as lusters whih position and time are omputed as energy-weighted averages of
the ontributing ells.
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4. Adjustment of the detetor properties in simulations
In order to simulate a realisti response of photomultipliers we have adjusted parameters used
in the programme by omparing the output of simulations to results from the experimental sample
of events identied as φ→ ηγ → 3γ proess.
4.1 Preparation of the data sample (e+e− → φ→ ηγ → 3γ)
At a rst stage, an experimental data sample for the e+e− → φ → 3γ reation has been
extrated [50℄ applying the kinemati t proedure to the 3 γ events with the following onditions:
3∑
i=1
Eγi = Eφ ,
3∑
i=1
pγi = pφ ,
ti −
ri
c
= 0 ,
(4.1)
where,  is the light veloity, ti denotes the time of eah reonstruted luster and ri stands for
the distane from the vertex ollision point to the luster entroid position. Eφ and pφ denote the
total energy and momentum of the φ meson, respetively. The rst and seond ondition results
from energy and momentum onservation rules. The third requirement ensures that we take events
whih orginate only from the ollision point.
Figure 4.1: The distribution of the square of the invariant mass for γ pairs from e+e− → φ → 3γ reation
from the experiment (left panel [50℄) and from the simulation (right panel).
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As a next step, the distributions of the square of the invariant mass for pairs of the γ quanta
for e+e− → φ → 3γ proess have been onstruted. The results are shown in the left panel of
Fig. 4.1. The numbers were assigned to the γ quanta suh that they are ordered aording to the
inreasing energy: E1 < E2 < E3. Thus γ3 is the photon with the highest energy and γ1 with the
lowest. The right panel presents results of simulations for the following reations:
1. e+e− → φ→ ηγ → 3γ ,
2. e+e− → φ→ π0γ → 3γ ,
3. e+e− → φ→ 3γ .
The blue bevel line and the vertial band at the η mass squared denote signals from the rst
reation. The hannel where φ meson deays to π0γ is desribed by the red line with value of
m
2γ1γ2 equal to 0.018 GeV
2
. And nally the green "triangular" region orginates from reations
where φ meson deays diretly to 3γ quanta.
For the further analysis we took all events from the vertial η band whih are positioned below
the red bevel line (see left panel in Fig. 4.1) [50℄.
4.2 Determination of the simulation parameters
In this setion we desribe determination of the attenuation length for the sintillating bers,
determination of the threshold funtion, and alibration of the ionization deposits in the eletro-
magneti alorimeter.
4.2.1 Estimation of the attenuation length of the sintillating bers
The rst step for estimation of the attenuation length was the seletion of events orresponding
to the φ → ηγ → γγγ reation and identiation of monoenergeti γ from the φ → ηγ radiative
deay. In the next step we simulated the total energy deposited in ells of a given plane as a
funtion of Z oordinate [51℄.
We used the following seletion uts:
1. Monohromati photons (361 < Eγ < 365 MeV) from φ meson deay ,
2. | Z
reonstruted
γ - Z
generated
γ | < 20 m .
The rst ondition guarantees that we take only events with γ quanta from φ meson deay
diretly. The seond ondition guarantees that we take only events where the distane between
position where γ quanta hit the module in simulation and reonstruted position of the luster
must be less than 20 m.
The results for 5 layers are shown in Fig. 4.2. One an see that distribution of the average energy
depositions in ells are not uniform, and therefore for the studies of the attenuation length it is
mandatory to divide the experimental data by the Monte Carlo distributions.
4.2. Determination of the simulation parameters 33
         layer 1
0
2
4
6
8
10
0 50 100 150 200 250 300 350 400
Y [cm]
 
E 
[M
eV
]
Simulations
         layer 2
0
1
2
3
4
5
6
7
8
0 50 100 150 200 250 300 350 400
Y [cm]
 
E 
[M
eV
]
Simulations
         layer 3
0
0.5
1
1.5
2
2.5
3
3.5
0 50 100 150 200 250 300 350 400
Y [cm]
 
E 
[M
eV
]
Simulations
         layer 4
0
0.2
0.4
0.6
0.8
1
1.2
1.4
1.6
1.8
0 50 100 150 200 250 300 350 400
Y [cm]
 
E 
[M
eV
]
Simulations
         layer 5
0
0.2
0.4
0.6
0.8
1
0 50 100 150 200 250 300 350 400
Y [cm]
 
E 
[M
eV
]
Simulations
Figure 4.2: Simulation of the total energy deposits in ells for eah of the 5 alorimeter layers for the γ
quanta from the φ → ηγ deay. Courtasy of E. Czerwi«ski and B. Di Mio [54℄.
In ase of the rst layer, whih is the nearest one with respet to the ollision point, the shape
of the energy distribution is mostly related (i) with the angular distributions of the γ quanta from
the φ→ ηγ1 → γ1γ2γ3 deay, (ii) with the hanges of the solid angle distribution along the module,
and (iii) with the hange of the input angle into alorimeter surfae. The angular distributions for
these partiles are presented in Fig. 4.3.
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Figure 4.3: Simulated angular distributions for photons from reation: e+e− → φ → ηγ → 3γ.
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The angular distribution for γ quanta from the φ → ηγ deay is desribed with the formula:
1+cos2θ
2 . Interestingly, Fig. 4.3 indiates that also γ quanta from subsequent η meson deay have
still small ontribution in the form of os
2θ. The derease along the module of the solid angle as
seen from the interation point is shown in Fig. 4.4.
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Figure 4.4: The solid angle distribution as a funtion of the distane from the enter of the module.
The variation of the solid angle derease the events population towards the edges. The third
eet whih play a role in this ontext is the angle at whih partile hits the detetor surfae and
hene the angle of the shower propagation (see Fig. 4.5).
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Figure 4.5: Shemati view of the partile traks for two dierent entering examples.
Due to this fat in the rst layer the energy deposited by showers in the middle of the module
is lower than on the sides. Therefore, in subsequent layers relatively larger fration of the energy
of the shower will be deposited in the middle of the module and less on its sides. Hene, the shapes
of distributions observed in Fig. 4.2 is determined by three disussed eets: angular distribution
of γ quanta, hanges of the solid angle, and variation of the frational length of the showers in the
layers as a funtion of the impat angle.
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Figure 4.6: The energy distributions as seen at one side of the module: Monte Carlo (left olumn) and
experimental data (right olumn). The urves are desribed in the text. Courtasy of Eryk Czerwi«ski and
B. Di Mio [54℄.
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In order to ahieve a uniform, energy deposition along the module a simulated energy deposit
distributions (Fig. 4.2) were t with seond order polynominal funtions whih were then used to
normalize the experimental spetra and for the hek also simulated spetra were normalized in
the same way. Fig. 4.6 presents an energy of signals registered at one side of the module as a
funtion of the distane between the edge of the module and the hit position. In order to establish
a value of the light attenuation length (λ) we t to the spetra from Fig. 4.6 (right olumn) an
exponential funtion:
E(y) = α · e− yλ , (4.2)
with α and λ being a free parameters [54℄. The result of the t is shown as dark blue, ontinuous
line in Fig. 4.6 (right olumn). The weighted averages of attenuation length determined at both
sides (A and B) amounts to 522±7 m and 407±9 m, for 1,2,3 layers and for 4,5 layers, respetively.
The result is shown as a red, dashed urve in Fig. 4.6 (right).
As a next step the determined attenuation length were used to simulate the light output at the
edges of the module with the DIGICLU program. The result is shown in Fig. 4.6 (left). These
studies were made to hek if results from simulations are in agreement with results whih were
ahieved from the experimental data sample. The ode of the lines is the same as in the right panel.
The simulated and experimental spetra are in very good agreement exept a region below 50 m
and above 400 m. This is due to the fat that this part of the barrel is situated behind the endap
modules. And in the simulations presented in this thesis only a barrel part of the alorimeter
is taken into aount. Furthermore we tested also a t with a funtion with two attenuations
lengths [34℄:
E(z) = α1 · e−
z
λ1 + α2 · e−
z
λ2 . (4.3)
The result is presented in Fig. 4.6 where left olumn indiates results from simulations and right
olumn shows experimental data. As one an see both presented ts desribe the data well.
4.2.2 Parametrization of the energy threshold funtion
In the experiment the signals whih amplitude is lower than a given threshold are not read by
the TDC board and information about their times is missing. In order to aount for this eet in
simulations the threshold urve was determined using the ratio between the number of ells with
time information over all ells as a funtion of the ell energy. This ratio is shown in Fig. 4.7.
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Figure 4.7: Ratio of number of ells with both time and energy signal to total number of ells with an
energy signal. Courtasy of E. Czerwi«ski and B. Di Mio [54℄.
One an see that the distribution is not a step-like funtion but rather a smooth inrease of
the ratio in the range from 0 to 2 MeV is observed. The shape of this inrease an be desribed
by the Fermi-Dira distribution [52, 53, 55℄:
fth(E) = (1 + e
−
E−µ
σ )−1 , (4.4)
with free parameters µ and σ. A t for the range of energy near the threshold resulted in the
following values:
σ = 0.2644± 0.0068 MeV ,
µ = 0.5648± 0.0087 MeV .
4.2.3 Calibration of the ionization deposits
The next step in the tuning of the simulation program is the adjustment of the absolute sale
of the energeti response of the alorimeter. For this purpose we ompared results of simulations
with experimental distribution of energy deposits in the alorimeter module. The results for ve
layers are shown in Fig. 4.8 (left olumn).
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Figure 4.8: Comparision of energy deposits in 5 layers as determined from simulation (blak line) and
experiment (red line). The presented results before (left olumn) and after (right olumn) alibration.
Courtasy of E. Czerwi«ski and B. Di Mio [54℄.
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One sees that the energy deposits reonstruted for simulated events are muh smaller then
for the experimental data. In order to orret this disrepany, the simulated values of energy
deposits were multiplied by the fator of 3.74. The shape of the orreted spetra is in a very good
agreement with experimental distributions for eah layer (Fig. 4.8 right).
Next, orretion was needed beause the lustering algorithm not always is able to reonstrut
the entire energy deposited in the lusters. That's why sum of energy deposits whih were simulated
is greater than sum of energy in reonstruted lusters. For this ase a linearity orretion was
needed and it was obtained with requiring straight line with slope 1 (blue line in Fig. 4.9).
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Figure 4.9: Calibration of the simulated and reonstruted energy. Courtasy of E. Czerwi«ski and B. Di
Mio [54℄.
The red urve represents the situation before alibration (slope parameter is not equal 1) and
blue after. Applying the orretions desribed in this setion we ahieved very good agreement
between data and simulations of energy response of the alorimeter when using FLUKA and
DIGICLU proedures [54℄.
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5. Estimations of bakground due to the merging and
splitting of photon lusters
The main motivation of this work is the estimation of merging and splitting eets for reations
like e.g. η → 3π0 or KS → 2π0 whih may onstitue bakground in studies of the η → π0γγ and
KS → 3π0 reations, respetively. In Table 5.1 we present a Branhing Ratios (BR) for the main
investigated reations and for the bakground hannels.
Main Deay BR (%) Bakground Channel BR (%) Eet
η → π0γγ (4.4 ± 1.6) ·10−6 η → 3π0 (32.51 ± 0.28) merging
KS → 3π0 < 1.2 ·10−9 KS → 2π0 (30.69 ± 0.05) splitting
KL → 2π0 (8.69 ± 0.04) ·10−2 KL → 3π0 (19.56 ± 0.14) merging
Table 5.1: Branhing Ratios for examples of studied reations and the bakground deays [59℄.
In this Table one an see that all the bakground reations have muh bigger BR (many orders
of magnitude) than the investigated hannels. Therefore, even small merging and splitting eets
may obsure onsiderably observation of signals from η → π0γγ, KS → 3π0 or KL → 2π0 deays.
5.1 Merging of lusters from η → 3pi0 as a bakground for the η → pi0γγ
hannel
The example of the merging eet, induing a wrong luster ounting, omes from analysis of
the η → π0γγ events [6℄. The Branhing Ratio (BR) for η → 3π0 is by several orders of magnitude
more frequent than η → π0γγ (see Table 5.1).
Figure 5.1: Invariant mass of four photons for the η → pi0γγ events and for the η → 3pi0 bakground
with two merged lusters [6℄.
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In Fig. 5.1 a onsequene of the merging of lusters is presented for the ase when 6γ quanta
from 3π0 deay were reonstruted as 4 lusters. In this ase the topology of η → 3π0 beomes
equal to that of the η → π0γγ reation. And as a result on 4γ invariant mass distribution one an
see a big peak from bakground hannel exatly at the mass of the η meson [3℄.
The next very interesting example of reations for whih problems with merging of lusters
is signiant and whih an be studied with the KLOE alorimeter [11℄ is CP violating deay
KL → 2π0. An example of suh event is presented in Fig. 5.2.
Figure 5.2: A CP-violating φ → KSKL event. The KS deays into pi
+pi− very lose to the intera-
tion point. The KL deays into pi
0pi0 further away resulting in four photons whih are deteted by the
alorimeter [11℄.
TheKS meson deays into π
+π− near the ollission point. TheKL meson deays into π
0π0 and
then these pions deaying through eletromagneti interation to 4γ quanta. Those four photons
are deteted by the EmC. Thus KL → 3π0 → 6γ with two merged lusters may obsure a signal
from the KL → 2π0 reation.
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Implementation of the full barrel geometry into the FLUKA program allowed us to study the
eet of merging and splitting quantitatively. And hereafter we will present the results for the
reonstrution of lusters from the η → 3π0 and KS → 2π0 in view of the merging and splitting
whih estimation is ruial for the study of the η → π0γγ and KS → 3π0 deays.
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Figure 5.3: Distribution of the number of ative ells for reation: e+e− → φ → ηγ → 3pi0γ → 7γ.
Statistis is equal to 10 000 events.
The Fig. 5.3 shows a distribution of the total number of ells whih given signal. Whereas
distribution of the total number of prelusters and the total number of reonstruted lusters are
presented in the next Figure.
Figure 5.4: Distributions of the reonstruted pre-lusters (left) and total reonstruted lusters (right),
for reation: e+e− → φ → ηγ → 3pi0γ → 7γ. Statistis is equal to 10 000 events.
The reonstrution possibilities of the lustering algorithm are presented in Fig. 5.4. One an
see that the most probably the lustering algorithm reonstruts 5 or 6 lusters even though 7
photons had hit the detetor.
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The frequenies of reonstruted lusters are presented in Table 5.2.
Number of reonstruted Frequeny for Frequeny for
prelusters and lusters prelusters (%) lusters (%)
1 0.12 0.12
2 1.11 1.02
3 5.99 5.50
4 16.22 15.13
5 23.70 23.23
6 23.09 23.26
7 16.60 17.27
8 8.25 9.35
9 3.59 3.71
10 1.06 0.97
11 0.22 0.36
12 0.27 0.05
13 0.00 0.03
Table 5.2: Eieny of the reonstruted pre-lusters and lusters for e+e− → φ → ηγ → 3pi0γ → 7γ
hannel. Statistis equal to 10 000 events.
One an see that the topology of this hannel ould be interpreted both with 4 γ quanta
(15.13%) as well as with 6 photons (23.26%). In the rst ase this hannel ould onstitute a
bakground for η → π0γγ reation (merging eet).
5.2 Splitting of lusters for KS → 2pi0 as a bakground for KS → 3pi0
Splitting is related with the features of the EmC detetor and with reonstrution possibilities
of the KLOE lustering algorithm whih not always orretly reonstruts positions and energies
of partiles interating with detetor material and may assign more then one luster to signals
indued by a single partile.
Fig. 5.5 shows that data with 6γ quanta in the nal state gives in most ases muh lower χ2
when t under the hypothesis of 2π0 then for the 3π0 hypothesis whereas for a real 6γ events
originating from the KS → 3π0 deay one expets χ23π to be small and χ22π to be large as it is seen
in the sample of the MC KS → 3π0 data (Fig. 5.5).
5.2. Splitting of lusters for KS → 2pi
0
as a bakground for KS → 3pi
0
45
Figure 5.5: Disribution of the χ2 variable determined under 3pi0 and 2pi0 hypotheses of the MC KS → 3pi
0
signal and of the data [3℄.
Therefore, theKS → 2π0 → 4γ deay with two splitted lusters gives the same event topology as
expeted for the KS → 3π0 → 6γ reation. We investigated e+e− → φ→ KLKS → KL2π0 →
KL4γ reation with ondition that all four γ quanta hit the barrel alorimeter. We performed
approximation that KS meson deays exatly in the ollision point. However, we suppose that
this approximation hasn't signiant inuene on the results beause a distane between ollision
point and hit position at alorimeter surfae is at least 2 meters. We present the distribution of
the ative ells in Fig. 5.6.
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Figure 5.6: Distribution of the number of ative ells for e+e− → φ → KLKS → KL2pi
0
→ KL4γ
reation. Statistis is equal to 10000 events.
We also investigated the distribution of pre-lusters and lusters for this hannel (Fig. 5.7).
One an see that in 18.08% a lustering algorithm reonstruted 6γ quanta. Therefore for this
ase the topology of investigated hannel with 6 reonstruted photons (two splitted lusters) is
the same as for KS → 3π0 reation and it onstitute a bakground for this deay.
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Figure 5.7: Distributions of the number of reonstruted pre-lusters (left panel) and total number of
reonstruted lusters (right panel), for e+e− → φ → KLKS → KL2pi
0
→ KL4γ reation. Statistis is
equal to 10000 events.
The frations of numbers of reonstruted lusters are presented in the Tab. 5.3.
Number of reonstruted Frequeny for Frequeny for
prelusters and lusters prelusters (%) lusters (%)
1 0.26 0.26
2 1.70 1.72
3 10.47 9.38
4 26.97 25.59
5 35.23 39.05
6 18.94 18.08
7 5.42 4.84
8 0.94 0.86
9 0.06 0.21
10 0.01 0.01
Table 5.3: Eieny of the reonstruted pre-lusters and lusters for
e+e− → φ → KLKS → KL2pi
0
→ KL4γ hannel.
One an see that orret reonstrution of four lusters onstitutes only about 26% of total
number of events. Both merging and splitting eets ould be redued by the better shower shape
reonstrution indued by a ner read-out granularity. But also the identiation of partiles based
on the shower shape analysis would greatly take advantage of an inrease in the alorimeter gran-
uality [3℄.
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5.3 Reonstrution eieny with the KLOE lustering algorithm
In order to estimate the reonstrution eieny of the present KLOE lustering algorithm
we investigated detetor response for two γ quanta with momentum of 500 MeV/. The response
was generated as a funtion of the distane between the γ quanta. Subsequently we have re-
onstruted a total number of lusters whih were reognized by lustering algorithm. The two
investigated situations are shown in Fig. 5.8 and in Fig. 5.9. In the rst ase the distane be-
tween photons on x axis is 0 m and the distane on y axis was varried between 0 and 200 m.
first gammasecond gamma
Y axis200 cm 0 cm - 200 cm
0 cm
25 cm
50 cm
X axis
Figure 5.8: Hit positions of γ quanta for∆X = 0 m.
first gamma
second gamma
Y axis200 cm 0 cm - 200 cm
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25 cm
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15 cm
Figure 5.9: Hit positions of γ quanta for
∆Y = 200 m.
If the reonstrution eieny of the KLOE algorithm was 100%, this algorithm would always
reonstrut two lusters whih we interpret as two photons whih hit the module. But results
of simulations show (see Fig. 5.11 and Fig. 5.10) that reonstrution eieny is hanging as a
funtion of distane between these two partiles.
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Figure 5.10: The eieny of the two lus-
ters reonstrution as a funtion of the distane
along y axis provided that x oordinate for both
photons was the same.
0
20
40
60
80
100
0 2.5 5 7.5 10 12.5 15 17.5 20
distance x [cm]
 
pr
ob
. o
f 2
 c
lu
st
er
s 
re
co
n.
 [%
]
Figure 5.11: The eieny of the two lusters
reonstrution as a funtion of the distane be-
tween photons along the x axis.
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As expeted the reonstrution eieny is inreasing with inreasing distane between two
γ quanta. This result shows that the biggest problem with reonstrution is in the ase when
partiles hit with the small dierene in the x oordinate.
5.4 Reonstrution eieny as a funtion of the photoathode
quantum eieny
We have performed investigations of the inuene of the quantum eieny of the photoatode
on the merging and splitting eets. We arried out our simulations using a vertex generator for
reations: e+e− → φ→ ηγ → 3γ and e+e− → φ→ π0γ → 3γ. Then we simulated the alorimeter
response using FLUKA program, reonstruted PM response by means of the DIGICLU proedure
and nally reonstruted lusters by means of the present KLOE lusterisation algorithm. The
studies presented in this setion were performed for one module only. The eieny is dened by
the following formula:
ǫ =
N(≥ 1cluster)
N(≥ 1hit) , (5.1)
where: N is the total number of events with a ondition in parenthesis. This ondition assures
that we take events for whih the module was hit by at least one γ.
Figure 5.12: Reonstrution eieny as a funtion of the energy and quantum eieny. Courtasy of
E. Czerwi«ski [51℄.
The results of simulations for the single alorimeter module are shown in Fig. 5.12. We have
studied [54℄ the reonstrution eieny as a funtion of the energy in the luster for ve values
of the quantum eieny as depited inside the Figure. QE = 1 represents results for a present
quantum eieny of photomultipliers used at KLOE, amounting to 23% [51, 60℄. Remaining
values of QE indiates a fators by whih the eieny was inreased in our investigations. From
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these studies one an see that as expeted with the inreasing value of the quantum eieny for
photomultipliers the eieny of reonstrution is inreasing too.
5.5 Merging and splitting probabilities as a funtion of the quantum
eieny
Subsequently, we determinated the inuene of value of the quantum eieny on the magni-
tude of the merging and splitting eets. The results of these simulations are shown in Fig. 5.13.
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Figure 5.13: Merging and splitting studies with single EmC module. Rmsmax is a value of the width
(RMS) of the time distribution of the ells above whih the lustering algorithm tries to break a luster [54℄.
At present KLOE algorithm this value is equal to 2.5 ns. Courtasy of E. Czerwi«ski [51℄.
The merging probability was dened aording to the following formula:
merg. probability =
N(1 luster and ≥ 2 hits)
N(≥ 1 luster and ≥ 2 hits) (5.2)
and the splitting probability was dened as:
split. probability =
N(≥ 2 lusters and 1 hits)
N(≥ 1 luster and 1 hits) (5.3)
Fig. 5.13 shows that the splitting probability inrease with inreasing of the quantum eieny of
photomultipliers [54℄ but one an see that merging eet is muh less sensitive to the hanging of
the quantum eieny.
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6. Conlusions
We have built a full simulation of the Barrel Calorimeter of the KLOE detetor with FLUKA
Monte Carlo pakage. This implementation of the geometry was used for simulations of the phys-
ial energy response of the alorimeter. The Monte Carlo ooperates with vertex generator whih
reprodues kinematis of the physial reations.
We estimated inuene of merging and splitting of lusters for reonstrution possibilities of
the partiles on the whole barrel alorimeter with a present lustering algorithm. In partiular
we estimated these eets as a funtion of the quantum eieny of photomultipliers [54℄. As a
results we found that inrease of the quantum eieny does not improve signiantly the luster
reonstrution in view of merging and splitting eets.
The prepared program with geometry of the 24 modules of the barrel alorimeter enables fast
simulations of a hoosen reation hannel and failitates studies of the detetor response to dier-
ent reations separately.
This geometry may be used to test response of photomultipliers with higher granularity of ells,
espeially for testing performanes of the multianode photomultiplier.
Implemented geometry of the barrel alorimeter in FLUKA reprodues the merging and the
splitting eets, and permits also to study the eieny of lusterisation algorithm at the edges of
the modules in the barrel alorimeter. These all usefull options ome out from the fat that the
smallest parts of detetor (the bers struture) were realistially implemented in FLUKA Monte
Carlo.
We investigated a shapes of peaks for time distribution of reonstrution of lusters, the shapes
are hanging as a funtion of distane between photons. This information ould be very useful for
the upgrade of the lustering algorithm [61℄.
We estimated also the inuene of merging and splitting of lusters for e+e− → φ→ KLKS →
KL2π
0 → KL4γ and e+e− → φ→ ηγ → 3π0γ → 7γ reations. The studies were made determin-
ing the response of the whole barrel alorimeter with DIGICLU program.
Finally, it is worth mentioning that our study enouraged the authors of the FLUKA to upgrade
the program and in the near future a new version permitting to repliate the ells more than one
will be available.
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A. Kinemati t proedure
The kinemati t proedure is used to orret measured quantities xi (x1...xi...xn) in ase of
redundany in the measured set of variables. In most ases xi is normal distributed around x
true
i
with standard deviation σi.
σ(xi) =
1
N − 1
N∑
i
(xi − x¯)2 (A.1)
(A.2)
where x¯ is a average of the all xi values. Variables x
true
i ould be onstrained by some physial
law (in our investigations by energy and momentum onservation) in this ase they must satisfy k
equations, whih an in general be written in the form:
Fj(x
true
1 , ..., x
true
n ) = 0 j = 1,...,k (A.3)
The main purpose of using t proedure is to nd a new approximation (µi) of x
true
i value by
minimizing the quantity:
χ2 =
∑
i
(xi − µi)2
σ2i
(A.4)
and imposing the (A.3) onstraints on µi. This purpose an be ahieved using langrangian multi-
pliers method, that onsists of minimizing the quantity:
χ2 =
∑
i
(xi − µi)2
σ2i
+
∑
j
λjFj(µ1, ..., µn) (A.5)
related with the variables µi and λj [6℄. To minimize a χ
2
value an iterative proedure is needed
to be used.
The detailed desription of the χ2 distribution an be found e.g. in [56℄.
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B. Monte Carlo Methods
Monte Carlo simulations are methods of solving numerial assignments with the aid of adequate
onstruted statistial omputations. They are frequently used in experimental and theoretial
physi [57℄. Although omputer memory and proessor performane have inreased dramatially
over the last two deades, many physial problems are too ompliated to be solved without
approximations of the physis proesses, quite apart from the approximations inherent in any
numerial method. Therefore, most alulations done in omputational physis involve some degree
of approximation [58℄.
Solving a physial problem often requires to solve an ordinary or partial dierential equation.
This is the ase in for example lassial mehanis, eletrodynamis, quantum mehanis and uid
dynamis. On the other hand in statistial physis we must alulate sums or integrals over large
numbers of degrees of freedom.
Whatever type of problem we try to solve, it is only in very few ases that analytial solutions
are possible. In most ases we therefore resort to numerial alulations to obtain useful results [58℄.
These methods are used in physi for the last sixty years [57℄.
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C. Energy distributions for γ quanta
We have investigated
1
the distribution of the energy and the position of the γ quanta on the
bottom surfae of a single alorimeter module. We performed simulations for reations: e+e− →
φ → ηγ → 3γ and e+e− → φ → ηγ → 3π0γ → 7γ . The result is presented in Fig. C.1 in upper
and lower panel, respetively.
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Figure C.1: Simulated distributions of the hit position at the surfae of one alorimeter module (left
panel) and energy spetra (right panel) of γ quanta from the reations e+e− → φ → ηγ → 3γ (upper
panel) and e+e− → φ → ηγ → 3pi0γ → 7γ (lower panel).
In the left olumn in Fig. C.1, one an see hit distributions for partiles entering the module.
In the right panels in this gure the sharp signals orginate from a monenergeti γ quanta from φ
meson deay with energy equal to 363 MeV. In the ase of the e+e− → φ → ηγ → 3π0γ → 7γ
1
We used the BXDRAW subroutine in this investigations [32℄.
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reation we observe more events at the lower energy range. These signals orginate from γ quanta
from π0 meson deays. As a further example in Fig. C.2 we present energy spetra separately for
the radiative photon and for the photon from the η and pion deays.
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Figure C.2: The energy distribution for photons from reations: e+e− → φ → ηγ → 3γ and
e+e− → φ → ηγ → 3pi0γ → 7γ.
In the left panel the monoenergeti signal for photon from φ meson deay is shown. The middle
panel presents energy distribution for photons from the η meson deay and the third panel presents
the energy distribution for γ quanta from π0 mesons deays.
D. Time distribution for single and multi-gamma hits
In this appendix we investigated distributions of the sum and dierene of times of light signals
from the sides of the module. Our studies show that distributions are hanging as a funtion of
the distane between γ quanta hitting the module. This information ould be used to improve
eieny of the KLOE lustering algorithm in the near future [61℄. In Fig. D.1 result for the
situation where one γ quanta hit in the middle of the alorimeter module is presented. One an
see only one peak for both dierene and sum of time of signals from sides A and B.
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Figure D.1: Distribution of sum and dierene of time for one γ quanta. TA and TB denote the time
where a signal from sintillating bers omes into a photomultipliers on side A and side B, respetively.
For the two γ quanta whih hit the surfae1 at the same x but dierent y the result is dierent
(see Fig. D.2). One an see that distribution of dierene of times for signals from side A and
B onsists of three separated peaks and the distribution of the sum of times from sides A and B
shows two maxima.
1
Two studing ases of hit positions of photons entering the alorimeter surfae are presented in Fig. 5.8 and
Fig. 5.9. Positions of γ quanta are marked as blak irles.
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Figure D.2: Distribution of sum and dierene of time for two γ at the same x position but dierent y.
Next we investigated the situation where distane on x axis between two γ quanta is equal to
15 m. In this ase we observe only one maximum in the distribution of the sum and two maxima
in the distribution of the dierene of times (Fig. D.3).
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Figure D.3: Distribution of sum and dierene of time for two γ hitting the module with a distane of
15 m along the x axis.
In the following we present an example of results of ell distributions simulated for several
distanes on x axis between plaes where photons hit the module and for several angle between a
surfae and a photon diretion. The results of the sum of energy deposited in ells for side A and
B we present using a displayer program
2
. Fig. D.4 presents a photomultipliers energeti response
for one γ quanta whih hit the middle of the module at an angle of 90 degrees.
2
This program written in a Fortran ode [54℄ is based on the CERN library tool [62℄.
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Figure D.4: Distribution of ells for one γ
quantum hitting with 90 degrees in the middle
of the module.
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Figure D.5: Distribution of ells for two γ
quanta hitting with 90 degrees with a distane
on y axis equal to 200 m and with the same
oordinate on x axis.
Comparing this result with the ase (see Fig. D.5) where two γ quanta hit the module at a
distane on y axis equal to 200 m but with the same x oordinate, we an see that it is not
possible to distinguish these two situations due to the fat that the seond ase an be interpreted
for example as one partile whih hit the module but with higher energy. However, we an easily
identify two partile events when a distane on the x axis between hit positions is larger than 15 m
(see also Fig. 5.11). In Fig. D.7 a distribution for the ase when the distane between two photons
was equal to 25 m is presented.
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Figure D.6: The distribution of ells for one
γ quantum hitting the module with the angle
equal to 30 degrees with respet to the surfae.
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Figure D.7: The distribution of ells for two
γ quanta hitting the module with 25 m dis-
tane along x axis.
We simulated also a situation where photon hit the module with the angle equal to 30 degrees
(see Fig. D.6) with respet to the surfae. One an see two ells on the right side on this plot
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whih aren't onneted to the main luster. It is worth to mention that suh distributions may be
interpreted as two hits.
E. Estimation of probability for multi-gamma hits at a single
alorimeter module
Using FLUKA Monte Carlo with vertex generator we were able to estimate a probability on
the multi-gamma hits at alorimeter module orginating from the η meson deays. We estimated
a multipliity of the γ quanta on one module of the KLOE alorimeter. By multipliity we dene
the number of γ quanta hitting one module (Fig. E.1).
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Figure E.1: The multipliity of the γ quanta on a single alorimeter module. For reations desribed in
the gure.
If it is equal to zero, it signies that our tested module did not seen any γ, if it is equal to one
than the module registered one gamma quantum. Due to the axial symmetry of KLOE this result
is valid for all detetion modules. Thus, we see that for the φ → ηγ → 3γ reation only for 0.6%
of the total number of events the 2γ quanta hit one module and in the rest 99.4% only one γ is
registered by one module. However, for the reation φ→ ηγ → 7γ where η meson deays into 3π0
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the situation hanges drastially and already in 6.3% ases there is two or more γ quanta hitting
the module.
In the situation where more than one photon hit the alorimeter module it is possible that
merging eet will appear for some distanes between hit positions of partiles on the surfae. The
estimations of the order of multipliity eet was shown in Fig. 5.11 and Fig. 5.10. In the following
we will desribe the distribution of the distane between the γ quanta in the ase when two γ
hits the module. This result is relevant in view of the reonstrution possibilities of the lustering
algorithm (see Fig. 5.11 and Fig. 5.10). The result for the η → 3π0 is shown in Fig. E.2. The
orresponding reations are written inside the gures.
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Figure E.2: Distane between two gamma quanta from η → 3pi0 in one alorimeter module.
And the result for the η′ → 3π0 is shown in Fig. E.3. The distribution determined for the η′ is
not very intuitive. The maximum at 1.7 m is due to the fat that the pions from the η′ deay are
very fast and both γ quanta from one pion an hit one module. The pion deays immediately in
the target and the distane between the two γ quanta from its deay at the alorimeter surfae is
indeed around 1.7 m.
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Figure E.3: Distane between two γ quanta from reation η′ → 3pi0 on one alorimeter module.
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Figure E.4: Distane between two γ quanta on one alorimeter module for reations as depited in the
gures assuming that the "pion" mass is equal to 10 MeV.
We did also one more hek by dereasing in the simulations the mass of the pion to 10 MeV.
In suh a ase these "pions" are muh faster and the laboratory angle between gamma quanta
is dereasing signiantly, and the distane between them in the alorimeter is as expeted to be
muh smaller. The result of this simulation is shown in Fig. E.4.
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F. Example of the event reonstrution for
e+e− → φ→ ηγ → 3pi0γ → 7γ reation
The apabilites of the prepared program to reprodue a merging and splitting eets in light
output from sintilating bers are ilustrated in Fig. F.1.
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Figure F.1: Splitting of energy deposits in the barrel alorimeter.
One an see seven signiant energy deposits belonging to 7 photons from the e+e− → φ →
ηγ → 3π0γ → 7γ reation, and also some small deposits of energy whih don't orginate diretly
from photons are well seen. The splitted energy deposits may ause reonstrution of the false lus-
ters. On the other hand two very lose traks of photons (near z = -250 m) may be reonstruted
as one merged luster sine the distane between partiles is only about 4 m, leading with a large
probability to false reonstrution (see Fig. F.1). After simulating the energy response of the sin-
tillating bers, on 24 modules with FLUKA, we extended appropriately the DIGICLU program
in order to perform reonstrution of signals from photomultipliers on the whole barrel alorimeter.
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Figure F.2: Reonstrution of lusters for reation: e+e− → φ → ηγ → 3pi0γ → 7γ. Statistis is equal to
1000 events.
Fig. F.2 presents distribution of reonstruted lusters on the barrel part of the alorimeter
for the 1000 e+e− → φ → ηγ → 3π0γ → 7γ events simulated with vertex generator and FLUKA
program. One an see that the lusters aren't reonstruted on the edges of modules.
G. Energy deposition as a funtion of azimuthal angle
We studied energy deposits in sintillating bers as a funtion of the azimuthal angle of γ
quanta produted in the interation region. The results for the upper part of barrel alorimeter is
shown in Fig. G.1.
Figure G.1: Energy deposits on the upper half of the barrel alorimeter as a funtion of ylindrial angle.
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Figure G.2: Shemati view of the φ angle distribution.
One an see that at the edges of the module a maximum of the energy deposits appears. To
some extent it may be explained by the fat that on the edges the value of the solid angle for the
same φ angle interval is larger than in the middle (see Fig. G.2).
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Figure G.3: Energy deposits on the barrel alorimeter as funtion of the ylindrial angle in the range
from 0 to 22.5 degree.
In the simulations we did not inlude bers whih were near the edge sine in a real detetor the
trapezoid shape of the module was aomplished by utting some parts from retangular piee [11℄
and hene the sintillating bers at the sides were broken. In Fig. G.3 one an see that for value of
an angle around 0.15 rad partiles didn't deposited energy. This is beause this position is exatly
between the edge of the rst and seond trapezoid modules.
H. Denition of the oordinate system
The oordinate systems whih were used in simulations are shown in Fig. H.1. The blue axis
denote the frame whih was used for simulations with FLUKA and with the VERTEX GENERA-
TOR. The red oordinate system whih is the same as oordinate frame of the KLOE detetor has
been used in simulations of lusterization eets and simulations of the photomultipliers response
with DIGICLU
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Figure H.1: The oordinate systems used in simulations.
Throughout this thesis we plot all gures using the oordinate frame of the FLUKA.
1
Digilu frame is alled the reonstrution geometry system.
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The world is given to me only one, not one ex-
isting and one pereived. Subjet and objet are
only one. The barrier between them annot be
said to have broken down as a result of reent ex-
periene in the physial sienes, for this barrier
does not exist.
wiat dany mi jest tylko raz, nie ten istniejay
i nie ten do±wiadzany. Podmiot i obiekt sa
jednym. Bariera pomiedzy nimi nie mo»e by¢
zªamana jako wynik ostatnih do±wiadze« w
naukah zyznyh, bariera ta nie istnieje.
Erwin Shrödinger (1887 - 1961)
Eduation is what remains after one has forgotten
everything he learned in shool.
Edukaja jest tym o zostaje jak zapomni sie
wszystko zego nauzyªo sie w szkole.
Albert Einstein (1879 - 1955)
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